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Edited by Vladimir SkulachevAbstract In a search for the physiological conditions able to
suppress the disruption of electron transport through the inner
mitochondrial membrane induced by Bax, we found that respira-
tory substrate – lactate completely abolished Bax toxicity in
yeast Kluyveromyces lactis. The eﬀect of lactate was dependent
on the presence of cytochrome c, as no eﬀect was observed in the
cytochrome c null strain. The investigation of lactate eﬀect on
markers of Bax toxicity showed that: (i) oxidation of lactate
did not aﬀect the decrease in oxygen consumption, but (ii) lactate
was able to diminish the generation of reactive oxygen species
and simultaneously to suppress Bax-induced cell death. We show
that suppression of Bax lethality in K. lactis can be, in addition
to anti-apoptotic proteins, achieved also by the utilization of lac-
tate in the mitochondria.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Apoptosis is a form of cell death that plays a major role in
normal development and homeostasis of multicellular organ-
isms. Despite no homologues of proteins of the Bcl-2 family
were identiﬁed, it was found that their expression either pro-
motes (Bax, Bak) or inhibits (Bcl-XL, Bcl-2) cell death in Sac-
charomyces cerevisiae [1,2]. When expressed in yeast Bax is
predominantly localized into the outer mitochondrial mem-
brane [3,4] and mediates cytochrome c release [5]. Localization
of Bax into mitochondria is accompanied by oxidative stress
and it was suggested that reactive oxygen species (ROS) are
the executors of Bax toxicity in yeast [6]. This suggestion was
supported by data demonstrating that Bax toxicity was higher
under respiratory than fermentative conditions [7]. However,
this proposal does not explain why S. cerevisiae cytochrome
c null mutant is sensitive to Bax [8,9] and why, despite the
sensitivity of respiratory deﬁcient strains, no massive ROS pro-
duction was detected after Bax expression [9]. In agreement
with these results, we showed that Bax had toxic eﬀect in S.Abbreviations: DHR, dihydrorhodamine 123; Dw, electrical membrane
potential; Ha, haemagglutinin; HE, hydroethidine; ROS, reactive
oxygen species; SM, synthetic medium; TCA, trichloroacetic acid
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and also in wild type cells grown under anaerobiosis [10].
Additionally, we found that Bax was toxic for respiratory deﬁ-
cient strain of Kluyveromyces lactis [11]. Moreover, it was dem-
onstrated that chemical or enzymatic scavenging of ROS had
no positive eﬀect on Bax-induced toxicity in S. cerevisiae
[12]. Together, these results suggest that not the massive oxida-
tive stress but the local ROS production induced in the mito-
chondrial membrane could be responsible for the toxic eﬀect
of Bax.
It was suggested that, besides the induction of oxidative
stress, Bax could inﬂuence mitochondrial metabolism by inhi-
bition of the transport of compounds required for respiration
across the outer mitochondrial membrane [8]. Moreover, our
previous results indicated that the toxic eﬀect of Bax in S. cere-
visiae can be the consequence of restricted import of carrier
proteins into the inner mitochondrial membrane. The lack of
carrier proteins in the inner membrane or their dysfunction
could limit the amount of respiratory substrates in mitochon-
dria [10].
The cytotoxic eﬀect of Bax could be the consequence of re-
stricted electron ﬂow through the inner mitochondrial mem-
brane as a result of either a disruption of respiratory chain
or lack of intramitochondrial metabolites, followed by ROS
production. To ﬁnd whether the maintaining of electron trans-
port can suppress the eﬀect of Bax, we investigated the eﬀect of
various respiratory substrates on Bax toxicity in the wild type
and cytochrome c-deﬁcient strains of K. lactis. We showed that
the addition of glycerol has no eﬀect, and ethanol as well as
pyruvate caused only a partial inhibition of Bax eﬀect. Inter-
estingly, we also found that the presence of lactate in growth
medium completely suppressed Bax cytotoxic eﬀect in the wild
type but had no eﬀect in the cytochrome c null strain.2. Materials and methods
2.1. Yeast strains, plasmids and growth conditions
The parental wild-type K. lactis strain CK56-16C (a, ade1, lysA1,
uraA1) was kindly provided by X.J. Chen (Australian National Uni-
versity, Canberra). Strain with the deletion of cytochrome c gene,
Dcyc1, was prepared from the wild-type strain CK56-16C. The gene
deletion was generated by interrupting the coding sequence with a
DNA fragment carrying an URA3 sequence as described [13]. The dis-
ruption was conﬁrmed by Southern blot.
For the expression of Bax, plasmid GAL1-HaBax was prepared by
subcloning of the EcoRI fragment from pRS303-GAL-BAX plasmid
[14], containing the murine Bax gene with the sequence of haemagglu-
tinin (Ha) tag at 5 0-end, under GAL1 promoter in pCXJ19K plasmid
prepared as described [11]. The empty plasmid was used as a control.blished by Elsevier B.V. All rights reserved.
Fig. 1. The expression of HaBax and its mitochondrial localization
results in the inability of K. lactis cells to form colonies. (A) Aliquots of
wild type and Dcyc1 cells (300), transformed either with control (black
bars) or HaBax-encoding plasmid (white bars) were plated on non-
inducing and inducing SM plates. After 7 days, colonies were counted
and the number of colonies formed under non-inducing conditions was
taken as 100%. The data represent the mean ± S.D. of three indepen-
dent experiments. (B) Wild type and Dcyc1 cells transformed with
HaBax-encoding plasmid were inoculated into non-inducing (1) and
inducing (2) liquid SM media. After 12 hours cells were collected and
fractioned to yield the cytosolic (C) and the mitochondrial (M)
fractions. The proteins of both fractions were analyzed by Western
blotting using anti-Ha antibody. (C) Proteins isolated from wild type
cells were probed with antibody against ADP/ATP carrier (AAC) as a
mitochondrial marker.
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transformants were maintained in SM medium (0.67% (w/v) yeast
nitrogen base) supplemented with 2% (w/v) glucose (non-inducing con-
dition) and the required nutrients. Solid media contained 2% (w/v) of
agar. To induce the expression of HaBax, transformed cells were
grown to the early exponential phase under non-inducing condition,
washed and resuspended in SM medium containing 2% (w/v) galactose
(inducing condition). In the case of Dcyc1 mutant, the inducing med-
ium contained 2% (w/v) galactose plus 1% (w/v) glucose.
2.2. Plating eﬃciency
Fresh colonies of transformed K. lactis cells were resuspended in
sterile water, and equal numbers of cells (300) were plated in parallel
on non-inducing and inducing SM plates. Various respiratory sub-
strates (3% (w/v) glycerol, 2% (w/v) pyruvate, 2% (w/v) ethanol, 2%
(w/v) L-lactate or 2% (w/v) D/L-lactate) were added when indicated.
After 7 days, colonies were counted.
2.3. Western blots and immuno-analysis
Transformed cells grown for 12 h under inducing conditions with or
without the addition of lactate were harvested, washed with water and
mitochondrial and cytosolic fractions were prepared as described pre-
viously [16]. Proteins from the cytosol and pelleted proteins from
heavy membranes enriched in mitochondria were solubilized in electro-
phoresis sample buﬀer, separated on SDS/12.5%-polyacrylamide gels
and analyzed by immunoblotting using antibodies directed against
the HA epitope (Santa Cruz, Biotechnology), and ADP/ATP carrier
(AAC) protein (provided by Dr. Ivan Hapala, Institute of Animal Bio-
chemistry and Genetics, Slovakia) and the ECL-based detection
(Pierce).
2.4. Whole cell respiration
Respiration rate of whole cells was measured at 30 C by standard
polarographic techniques using a Clark-type microcathode oxygen
electrode (SI Strathkelvin Instruments Oxygen Meter, Model 782, plus
Mitocell MT 200). Cells were harvested, washed with 40 mM potas-
sium phosphate buﬀer (pH 7.4) and resuspended in the same buﬀer
to the ﬁnal density of 4 mg cells/ml. The respiration rate was calculated
using SI 782 Oxygen System software version 3.0 and expressed as
micromoles of O2 consumed per minute per microgram of dry mass.
Dry mass was determined by weighing of cell suspension dried over-
night at 90 C.
2.5. Assays for ROS production
To assess the production of ROS, H2O2 and superoxide radical
ðO2 Þ, 3 · 107 cells were incubated in growth medium for 15 min at
room temperature with 50 lM dihydrorhodamine 123 (DHR) and
5 lg/ml hydroethidine (HE), respectively. Cells were then washed,
resuspended in growth medium, and analyzed by FLUOstar OPTIMA
spectroﬂuorimeter (BMG LABTECH) using excitation at 485 nm and
emission at 520 nm.3. Results
3.1. Toxicity and localization of HaBax in wild type and
cytochrome c-deﬁcient strain
We have already shown that the expression of native mouse
Bax gene under the control of GAL10 promoter resulted in
60% reduction of plating eﬃciency in wild-type K. lactis [11].
Due to the problem with the immunodetection of native Bax
protein (Dr. P. Polcic, personal communication), we expressed
N-Ha-tagged mouse Bax gene (HaBax) under GAL1 promoter
in wild type and Dcyc1 strains. We found that, in comparison
with the native mouse Bax, the same protein fused with Ha epi-
tope was more toxic. In wild-type cells, it caused the decrease
of plating eﬃciency to 11% and the respiratory-deﬁcient mu-
tant Dcyc1 was not able to form colonies (Fig. 1A). Both
strains transformed with control plasmid formed coloniesequally well under non-inducing and inducing conditions. To
conﬁrm the expression and to assess the subcellular localiza-
tion of HaBax, cells grown for 12 h in galactose medium, were
homogenized and fractionated. The Western-immunoblotting
analysis of the cytosolic and mitochondrial fractions showed
that, in both strains, HaBax was localized exclusively in mito-
chondria (Fig. 1B). Furthermore, we found that the presence
of HaBax in mitochondria did not lead to the cytochrome c
relocalization (data not shown).
3.2. Presence of lactate in growth media suppresses the cytotoxic
eﬀect of Bax
To investigate if the disruption of electron ﬂow is responsible
for the Bax eﬀect, we tested whether an addition of respiratory
substrates, which provide reducing equivalents or electrons to
diﬀerent complexes of respiratory chain, will suppress the Bax
cytotoxicity. Cells transformed with control plasmid as well as
Fig. 2. The eﬀect of lactate is not based on its ability to inﬂuence the
level of HaBax expression in K. lactis. (A) Aliquots of wild type and
Dcyc1 cells (300), transformed with HaBax-encoding plasmid were
plated on non-inducing SM plates and inducing SM plates without
(white bars) or with 2% D/L-lactate (black bars). After 7 days, colonies
were counted and the number of colonies formed under non-inducing
conditions was taken as 100%. The data represent the mean ± S.D. of
three independent experiments. (B) Wild type and Dcyc1 cells
transformed with HaBax-encoding plasmid were inoculated into
inducing liquid SM media containing 2% D/L-lactate and after 12
hours collected and fractioned to yield the cytosolic (C) and
mitochondrial (M) fractions. The proteins were analyzed by Western
blotting using anti-Ha antibody.
Fig. 3. The eﬀect of lactate on HaBax-induced generation of ROS. O2
(A) and H2O2 (B) accumulation was measured in wild type cell
transformed with the control (Ctrl) or HaBax-encoded plasmid
(HaBax) grown for 12 hours on 2% glucose (black bars), 2% galactose
(gray bars) or 2% galactose plus 2% lactate (white bars). Values are
means ± S.D. of three independent experiments.
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ing SM plates or inducing SM plates supplemented with
glycerol, pyruvate, ethanol or D/L-lactate. Cells transformed
with control plasmid had the same plating eﬃciency on all
tested substrates. On the other hand, the ability of HaBax
expressing cells to form colonies was not improved by glycerol.
Ethanol or pyruvate partially suppressed Bax eﬀect (data not
shown). We found that only D/L-lactate completely abolished
Bax toxicity in wild type but had no eﬀect in Dcyc1 strain
(Fig. 2A). D- and L-lactate ferricytochrome c oxidoreductases
(EC 1.1.2.4. and EC 1.1.2.3., respectively) speciﬁc for either
D- or L-lactate, were identiﬁed in yeast. To distinguish which
of these enzymes is involved in the suppression of Bax toxic ef-Table 1
Oxygen consumption rates measured on the whole cells of wild type K. lact
Substrate Oxygen consumption rate (lmol.min
Control
glucose 4.5 · 105 ± 1.7 · 105
galactose 5.8 · 105 ± 1.7 · 105
galactose + lactate 5.9 · 105 ± 1.8 · 105
Values are means ± S.D. of three independent experiments.fect, L-lactate was used. The addition of L-lactate did not inﬂu-
ence the ability of HaBax expressing cells to grow (data not
shown). We concluded that the activity of D-lactate ferricyto-
chrome c oxidoreductase, speciﬁc for the D-lactate oxidation,
is involved in the beneﬁcial eﬀect of lactate.
The eﬀect of lactate was not mediated by the repression of
Bax expression. Our results showed that the presence of
HaBax protein in the mitochondrial fractions isolated from
wild type and Dcyc1 cells was not inﬂuenced by the addition
of D/L-lactate to the inducing media (Fig. 2B).is strain
1.lg1 dry weight) HaBax/Control (%)
HaBax
4.3 · 105 ± 1.6 · 105 95.5
3.7 · 105 ± 1.4 · 105 63.8
2.6 · 105 ± 0.5 · 105 44.1
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inﬂuenced by D/L-lactate
To ﬁnd whether the beneﬁcial eﬀect of lactate in HaBax
expressing cells is based on its ability to improve the function-
ing of respiratory chain, we measured the oxygen consump-
tion. In yeast, oxidation of lactate is linked to respiratory
chain, as cytochrome c is an electron acceptor in reaction when
lactate is oxidized to pyruvate. Thus, oxidation of lactate can
be coupled with electrical membrane potential (Dw) generation
and ATP synthesis [17]. Wild-type cells transformed either
with control or HaBax-encoding plasmid were grown for
12 h in media containing 2% glucose, 2% galactose and 2%
galactose plus 2% D/L-lactate. We found that oxygen con-
sumption in HaBax expressing cells was signiﬁcantly decreased
when compared to cells transformed with control plasmid
(Table 1). Surprisingly, lactate did not increase the oxygen
consumption of HaBax expressing cells. In cells transformed
with control plasmid oxygen consumption was slightly higher
when cells grown on respiratory substrates, galactose or galac-
tose with the addition of lactate.
3.4. Lactate decreases the production of ROS in HaBax
expressing cells
As it was published, Bax expression in respiratory competent
cells leads to production of ROS [9,18]. To test whether lactate
is able to inﬂuence the production of ROS control and HaBax-
expressing cells were grown for 12 h on various carbon sources
and then stained with dyes which detect diﬀerent ROS species.
HE and DHR were used to detect O2 and H2O2, respectively.
An increase in O2 as well as H2O2 production was detected in
cells after HaBax expression (Fig. 3). The addition of lactate to
inducing media resulted in a substantial decrease of ROS pro-
duction in HaBax expressing cells (Fig. 3).4. Discussion
It is generally accepted that Bax toxicity in yeast depends on
its localization into the outer mitochondrial membrane and the
ability to induce mitochondrial dysfunction. However, our
previous results showed that the disruption of oxidative phos-
phorylation is not necessary for Bax-mediated cell death. We
showed that Bax is toxic for respiring as well as respiratory-
deﬁcient S. cerevisiae strains and also under anaerobic condi-
tions [10]. Moreover, we demonstrated that deletion of
mtDNA even enhanced the sensitivity of K. lactis to Bax
[11]. These results suggest that Bax must have some additive
mitotoxic eﬀect in yeast. To test whether the interruption of
the electron ﬂow through the inner mitochondrial membrane
caused by Bax can be abolished by maintaining at least a part
of electron transport chain active, we examined the eﬀect of
diﬀerent respiratory substrates. We used: (i) pyruvate which,
after entering the Krebs cycle, can provide reducing equiva-
lents to the internal NADH dehydrogenases or to the complex
II of respiratory chain, (ii) ethanol that can freely enter mito-
chondria and, via alcohol dehydrogenases, can be the source of
NADH for internal dehydrogenases, (iii) glycerol – reduction
of its metabolite glycerol 3-phosphate via dehydrogenase,
delivers electrons directly to the ubiquinone pool and (iv) lac-
tate which, when oxidized in the intermembrane space, is the
donor of electrons for cytochrome c. Our results show thatonly lactate was able to suppress completely Bax toxicity in
wild type as well as in rho0 (unpublished result), but had no ef-
fect in cytochrome c deletion strain. The eﬀect of lactate was
neither mediated by the repression of HaBax expression nor
its relocalization.
There are several possibilities how to explain the eﬀect of lac-
tate. In K. lactis two lactate ferricytochrome c oxidoreductases
(D- and L-) localized in the inner mitochondrial membrane
have been identiﬁed [19,20]. In the intermembrane space, lac-
tate is oxidized by these enzymes to pyruvate. Our results sug-
gest that D-lactate is responsible for the suppression of Bax
toxicity because L-lactate did not have any eﬀect. Oxidation
of lactate in the intermembrane space of mitochondria pro-
vides the permanent electron ﬂow to cytochrome c that can
be reoxidized via the cytochrome c oxidase complex. We found
that the addition of lactate did not inﬂuence the decrease of
oxygen consumption measured in wild-type cells expressing
HaBax. It suggested that the addition of lactate did not di-
rectly inﬂuence the ability to respire. However, oxidation of
lactate results in a reduction of cytochrome c which was re-
ported to function as an antioxidant [21]. In yeast, cytochrome
c can be reoxidized not only via the cytochrome c oxidase com-
plex but also by cytochrome c peroxidase which removes H2O2
using cytochrome c as a substrate [22]. Also, another mecha-
nism by which cytochrome c could function as an antioxidant
exists. In mammalian cells, it was demonstrated that electrons
from cytochrome c can be delivered directly to H2O2 and, in
the presence of H+ cations, H2O2 can be converted to H2O
[23]. Such a pathway could exist also in yeast. It was demon-
strated that, in S. cerevisiae, deletion of cytochrome c peroxi-
dase leads to smaller H2O2 production than in strain lacking
cytochrome c (cyc3 point mutant) [24]. Additionally, cyto-
chrome c desorbed from the outer surface of the inner mito-
chondrial membrane into the intermembrane space can
catalyze oxidation of O2 back to O2 [21].
We found that lactate substantially diminished the produc-
tion of ROS (superoxide as well as peroxide) in HaBax
expressing wild-type cells. On the basis of these results, we as-
sume that the antioxidative eﬀect mediated by cytochrome c
can be responsible for the eﬀect of lactate.
However, despite the same enzyme activities (mitochondrial
D-lactate ferricytochrome c oxidoreductase and cytochrome c
peroxidase) are present lactate did not have any eﬀect on
Bax toxicity in S. cerevisiae. We could speculate that lactate
activates certain metabolic pathways only in K. lactis but not
in S. cerevisiae. The activation of these pathways can be re-
lated to a natural property of K. lactis connected with lactate
utilization. This yeast was originally isolated from milk
products where natural habitants are lactic acid-producing
bacteria. Analysis of S. cervisiae and K. lactis strains carrying
the same gene deletion demonstrated that lactate can be, under
certain conditions, metabolized diﬀerently in these two yeast
species.
In contrast to S. cerevisiae, K. lactis strains with deletion of
succinate dehydrogenase gene (KlSDH1) as well as with dele-
tion of gene encoding E1a subunit of mitochondrial pyruvate
dehydrogenase complex (KlPDA1) are able to grow on lactate
[25]. It was shown that ability of strain with deletion of
KlSDH1 gene to grow on lactate is caused by channeling of
lactate-derived pyruvate to the pyruvate decarboxylase path-
way and subsequent activation of glyoxalate cycle [26]. More-
over, it was found that the activation of glyoxylate cycle in
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ulate that the presence of lactate and the decrease of respira-
tion after Bax expression can activate the pyruvate
decarboxylase and the glyoxalate cycle only in K. lactis but
not in S. cerevisiae. Additionally, due to the fact that the
exploration of the K. lactis genome revealed the presence of
44 families of proteins that are not present in S. cerevisiae
we cannot exclude that other metabolic pathways present in
K. lactis could be responsible for lactate eﬀect [27].
In conclusion, we suggest that not only the antioxidant func-
tion of cytochrome c but also the activation of pyruvate decar-
boxylase pathway and the glyoxalate cycle are likely to be the
mechanism by which lactate exerts its protective eﬀect on Bax
toxicity in K. lactis. However, the precise mechanism by which
lactate can abolish Bax toxic eﬀect remains to be elucidated.
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